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INTRODUCTION 


In 1989, the Disturbance Impact Assessment System (DIAS) was developed to make 
qualitative assessments of the impact of solar flares on high-latitude, high-frequency 
(HF) propagation (Rose, 1993). The system employed new techniques in “expert sys- 
tem” technology to describe some of the vaguer aspects in high-latitude disturbance 
phenomenology. While developing the rule sets for the different high-latitude distur- 
bances, it became obvious that there was some confusion regarding the occurrence 
characteristics of sporadic-E, auroral sporadic-E, and plain auroral-E. It was difficult to 
determine the type of sporadic ionization being described in different studies. 

To gain better insight on the characteristics of auroral-E so an accurate rule set for 


DIAS could be developed, it was decided to conduct a year-long measurement cam- 
paign. 


This report describes the results of the first year of measurements, presents 
theories on the generation of sporadic ionization at E-region ionospheric heights, and 
attempts to correlate the observations to the theories. 


EXPERIMENTAL DESCRIPTION 


In July 1991, a 960-km experimental circuit was established between the Arctic 
Submarine Laboratory at Cape Prince of Wales, Alaska (65.6 N, 168 W), and a facility 
at RP Consultants in Fairbanks, Alaska (64.8 N, 147.8 W). In order to sense anoma- 
lous or sporadic patches of ionization drifting at E-region height, a frequency of 25.545 
megahertz (MHz) was chosen for a continuously transmitting beacon at Cape Wales. 


Whenever the E-region critical frequency rose above 5 MHz at the E-region midpoint 
of 64.6 N and 107 W, the signal could be heard in Fairbanks, indicating that sporadic 
ionization was present (Hunsucker, 1991). 


A block diagram of the experiment is shown in figure 1. The transmitter was a 
Yaesu FT-757 providing 100 watts to a half-wave dipole antenna. The signal was a 
slow Morse “R.” Transmissions were continuous, 24 hours a day. Except for two 
periods when high winds broke the antenna, data collection was continuous between 15 
August 1991 and 16 August 1992. 


The receiver, an Icom R9000, was located in Fairbanks and continuously monitored 
the 25.545 MHz signal. The automatic gain control (AGC) output from the R9000 
measured relative signal amplitude and was recorded on a Primeline Chart Recorder as 
a function of time. Approximately 6 days of monitoring could be recorded on a single 
pack of chart paper. 


To supplement the auroral-E information that was recorded, a Telluric-current sen- 
sor with electronics oriented north-south was installed to measure the current induced 
in the ground from the auroral electrojet. This was done in an attempt to correlate 
variations in the auroral electrojet and the occurrence of auroral-E. 


Figure 2, an example of a strip of data recorded in Fairbanks, shows what this 
simple experimental set-up produced. The lower trace is relative signal amplitude. The 
upper trace shows variations in the electrojet as measured by the Telluric-current 
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sensor. In this example, there are 14 discrete sporadic ignizauon events centered 
around local midnight. 


AS seen in figure 3, a magnetic index (Kp) of 3 or greater is required for the 
equatorward edge of the auroral oval to pass over and south of the experimental HF 
path. The majority of measurements gathered for this report were taken during signifi- 
cant magnetic substorms. 


THEORIES ON AURORAL-E AND THE AURORAL ELECTROJET 


The purpose of this experiment was to measure and define, either qualitatively or 
quantitatively, the characteristics of the sporadic ionization that occurs at auroral lati- 
tudes. This ionization is sporadic but very dense, supporting oblique, sky-wave propa- 
gation up through low very-high frequencies (LoVHF). Since its occurrence appears to 
be contained within the auroral region, it is called auroral-E. 


Recent studies have started to clarify the mechanisms that may generate auroral-E. 
It now appears that auroral-E is formed as a result of perturbations in the auroral 
electrojet. In addition, it is suspected that two, and maybe three, types of ionization 
may be lumped into the category of auroral-E. 


The “auroral electrojet” describes a complex, high-latitude current system. Figure 4 
shows a generalization of the current system and the resultant formation of the 
electrojet. The electrojet has two components: one flowing counter-clockwise to the 
east—the eastward electrojet—and one flowing clockwise to the west—the westward 
electrojet. The two electrojets meet and merge near the midnight sector. The merged 
electrojets are called the Harang Discontinuity. Anomalous E is also formed and 
observed in the midnight sector. Figure 5 shows an example of the change in earth 
current as the Harang Discontinuity passes over the experimental path. 


Two major groups of sporadic-E have been identified from vertical-incidence-sound- 
ing (VIS) ionograms. One group, generally called auroral-E, includes nighttime E (par- 
ticle E) of the k type and E of the r type (Esr), which produces group retardation at 
HF. The second group is sporadic-E of the a tvpe (Esa). Auroral-E is characterized by 
a homogenous structure both in time and space and is known to be caused by diffuse 
precipitation. The a type of E is characterized by a strong inhomogeneity in space and 
drastic variations in time, and it is associated with visual aurora produced by the pre 
cipitation (called discrete precipitation) responsible for discrete auroral arcs (Besproz- 
vannaya et al., 1991). The latitudinal distribution of sporadic ionization types tends to 
be within 1 to 2 degrees of the electrojet maximum. 


According to Besprozvannaya, the eastward and westward electrojets generate dif- 
ferent types of sporadic ionization. The occurrence of sporadic ionization is correlated 
with increases in geomagnetic activity and the duration of the storm. There are also 
considerable differences between the ionospheric structure in the regions of the east- 
ward and westward electrojets. 


For the eastward electrojet in a nonstorm condition, the Esr type of sporadic ioniza- 
tion is the ionization associated with diffuse precipitation—the true auroral-E. These 
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Harang Discontinuity 


* THIS FIGURE IS TAKEN FROM AN ARTICLE BY SUGIURA AND HEPPNER (1965). 


Figure 4. The eastward and westward electrojets in the auroral oval. 
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Figure 5. Passage of the Harang Discontinuity, 9 October 1991. 


occurrences take place between 1600 and 2200 local time. The eastward electrojet 
appears between 60 and 70 degrees corrected geomagnetic latitude and the height of 
the E layer is approximately 120 km (Kamide and Brekke, 1977). 


The westward electrojet is dominant between 2200 and 0400 local time. The 
observed Esa ionization is related to discrete precipitation and nighttime auroral 
absorption at ionospheric heights of 100 km. Some auroral-E is also observed in the 
westward electrojet. 


When the auroral region is in prolonged substorm conditions, both the eastward 
and westward electrojets widen. The occurrences of auroral-E increase in the eastward 
electrojet, while a harder spectrum of precipitation causes increased auroral absorption 
in the westward electrojet. The incidence of auroral-E also increases in the westward 
electrujet under these conditions, especially in the 2200 to 0200 local time sectors. 


Since nearly all the observed sporadic ionization events reported in this document 
occurred with Kp equal to or greater than 3, prolonged substorm conditions dominate 
these data. 


DATA PREPARATION 


When the strip chart data were received from the field, a template was created 
from the calibration strip that had been made at the test site. The purpose of the tem- 
plate was to scale the duration and the relative signal amplitude of the auroral-E event. 
The magnetic indices, Kp and Ap, were annotated on the chart near the event. This 
analysis used simple hand-scaling techniques on these data for several reasons: 


(1) The data were analog. Hand-scaling allowed the analysts to “read between the 
lines” and identify smaller, more obscure events. With experience, the analyst 
could see auroral-E in the prescnce of noise and interference. 


(2) With periodic recalibration, the signal amplitude accuracy was approximately 
+5 dB. 


When auroral-E events were observed, the strip chart was annotated with the 
following parameters: 


(1) Start time of event (UT) 

(2) Event duration 

(3) Signal amplitude 

(4) Earth current deviation and magnitude 


After scaling and analyzing a given block of data, those portions of the overall chart 
that contained auroral-E events and calibration data were copied. Figure 6 shows an 
example of annotated, raw strip chart data. 


The last step in the data preparation was to enter the parametric data into a 
LOTUS 123 spreadsheet data base. The purpose of this was to facilitate comparisons 
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between different blocks of data. Furthermore, these spreadsheets are separated by 
season. The appendix contains a complete set of the first year’s spreadsheet. The data 
recorded for each event were the following: 


(1) Month 


(2) Day 

(3) Year 

(4) Event start time (UT) 
(5) Event duration (minutes) 


(6) Signal amplitude (dB above the -115 decibel-above-a-microvolt (dBm) detection 
threshold) 


(7) Magnitude and direction of earth current fluctuations 

(8) Magnetic index—Ap 

(9) Magnetic index—Kp 

Figure 7 shows an example of the resulting spreadsheet. When the spreadsheet was 
completed, the data set contained the following: 

(1) Original strin chart 

(2) Hardcopy of annotated strip chart for all events 

(3) Hardcopy of data in spreadsheet form 

(4) Data in spreadsheet form on floppy disk 


PRESENTATION OF THE DATA 


Between 15 August 1991 and 15 August 1992, sporadic ionization was observed 
1446 times. Due to the nature of the experiment, we can say that the E-region critical 
frequency rose above 5 MHz, allowing the 25.545 MHz signal from Cape Wales to be 
monitored in Fairbanks. While it is suspected that the majority of observations were 
auroral-E—either the diffused type. occurring prior to local midnight or the discrete type 
occurring after local midnight—the existence of sporadic-E, like the type observed at 
midlatitudes, cannot be ruled out. As will be shown, diurnal characteristics may be 
useful in separating the two. 


Table 1. Seasonal characteristics. 


Average Average Number of Longest Number of 
Season Duration Amplitude Events Exceeding Duration Observations 
(min) (dB) 60 min. (min) (events) 
Autumn 9.9 17.4 7 120 403 
Aug, Sept, Oct 1991 
Winter 8.3 19.0 2 R4 383 
Nov, Dec 1991, Jan 1992 
Spring 8.6 18.4 1 65 272 
Feb, Mar, Apr 1992 
Summer 21.0 19.2 21 192 388 


May, Jun, Jul 1992 
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MAGNETIC AND DIURNAL DEPENDENCIES 


Three areas were investigated to determine what dependencies existed in the data. 
The areas were (1) occurrences versus local time, (2) occurrences versus magnetic 
index, and (3) amplitude and duration versus magnetic index. 


We will discuss the last two areas first. There were no strong correlations between 
the signal amplitude and the duration of observed auroral-E and the Kp. Once the Kp 
reached a value of 3, the signal amplitude and duration varied irrespective of the Kp. 
A long duration event was just as likely at a Kp of 3 as at a Kp of 7. It appears that a - 
dependency on Kp is somewhat binary. Once the Kp crosses a threshold of 3, the like- 
lihood of auroral-E occurrence is relatively uniform. 


Figures 8, 9, 10, and 11 show the distribution of occurrence as a function of the 
local time of day. These plots show that the probability of occurrence has a high 
dependency on the local time of day. Figure 8 shows the diurnal variation in the occur- 
rence for fall 1991. It shows a strong dependency centered on local midnight. During 
the fall equinox, there is about an equal amount of daylight and night. During daylight 
hours between 0700 and 1700 local time, only a small number of events were 
observed. Another feature in this plot is a small subpeak just prior to sunrise at 0600 
local time. 


Figure 9 shows the diurnal characteristics for the winter solstice. The distribution 
seems to be shifting to the postmidnight period, indicating a strong dominance by the 
westward electrojet. The probability of occurrence is still centered on the 2300 to 0100 
local time period. 


The spring equinox, shown in figure 10, still shows a peak probability around local 
midnight, although the peak broadens to include the 2200 to 0200 local time period. A 
secondary peak is also noted just prior to sunrise at 0500 local time. 


During the summer solstice in June, the path is in daylight between 0130 and 2300. 
As is seen in figure 11, the probability of occurrence now shifts to between 0100 and 
0400 with the distribution curve starting to build as early as 1800 local time. Due to 
the number of events that occurred during the postsunrise and presunset periods, we 
expect that sporadic-E was present much of the time. As mentioned earlier, there is no 
way to separate the two. 


Except during the summer solstice, the probability of the occurrence of auroral-E 
was centered around local midnight. Since the majority of events occurred after 2200 
local time, activity in the westward electrojet caused most of the observed sporadic 
propagation. During highly disturbed periods, the observed auroral-E was a combina- 
‘ion of E modes created by both diffuse and discrete precipitation. 


Figure 12 shows the number of events by month. October and November 1991 were 
the most productive months with 371 events. During the rest of the year, there were 
approximately 100 events per month. 


Figure 13 presents the number of days per month that auroral-E events were 
observed on. Noting that August 1991 and August 1992 had only 15 days of 
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observation, August 1991 was nearly 100% productive while August 1992 was 50% 
productive. This chart indicates that auroral-E occurred on 16 days during the average 
month, which is a little over 50% of the time. 


Figure 14 shows what percentage of days per month auroral-E occurred on. This 
figure indicates that the occurrence of auroral-E peaked during the fall equinox, slowed 
down during the winter solstice, and started to peak again throughout summer and fall 
1992. During the summer and fall, monthly sunspot numbers declined from 150 to 70 
as the cycle moved toward solar minimum. 


Auroral-E tended to occur in clusters or “swarms” during periods of increased geo- 
magnetic activity. Figures 15a, 15b, and 15¢ show the nightly return of auroral-E 
events during a large geomagnetic storm over the three-day period between 27 October 
and 29 October 1991. On the first day, shown in figure 15a, when the Kp rose to 5, 
the electrojet activity started prior to local midnight. Short duration events of 5 to 15 
minutes occurred through the remaining night hours. On the second night, the Kp rose 
to 7. The auroral electrojet was extremely active just after local midnight. However, 
figure 15b shows a surprising lack of E propagation. Then in the predawn hours, E 
events increased. On the third night, seen in figure 15c, the passage of the Harang 
Discontinuity at about 2000 local time decreased the level of activity in the westward 
electrojet. The magnetic indices rose to a Kp of 8. During the remaining night hours 
until just past midnight, a swarm of 25 auroral-E events took place. After about 0145 
local time, the electrojet was quiet and the E events ceased. 


The E propagation characteristics seen over this three-day period are representative 
of observations made during geomagnetic storms throughout the year. Signal ampli- 
tudes were typically 25 to 30 dB above the detection threshold. Event durations varied 
between 2 minutes and 40 minutes. This presents a picture of plasma consisting of 
patches of electron density that vary widely in size being driven along the auroral 
electrojet. This size variation caused the variation in event duration. 


The relative consistency in the maximum signal amplitude indicates that the elec- 
tron density of each patch also reaches a maximum value. In most cases, either the 
signal is or is not there. There is no consistent “graceful degradation.” This is most 
likely because the peak electron density of the auroral-E region occurs at a narrowly 
bounded height between 90 and 120 km. Therefore, we would expect that electron 
densities being formed by the same ionization source (auroral precipitation) would be 
about the same. 


Early in the experiment, it was attempted to correlate electrojet activity as evi- 
denced by the earth current meter to the occurrence of auroral-E. It was observed that 
the existence of electrojet activity, and not its magnitude, correlated to the occurrence 
of auroral-E. This is consistent with the theory, discussed earlier, which states that an 
increase in the auroral electrojet activity triggers the particle precipitation that causes 
auroral-E. It should also be mentioned that the earth current meter was installed at the 
receiving site. It is likely that there would had been a better correlation between 
electrojet variations and received signal variations if the earth current sensor were 
located under the E-region reflection point at midpath. 
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Figure 15a. Major magnetic storm, first day, 27 October 1991. 


21 


tite 
TTS : 
Ta 
| N82 Les 


eae i i 


* 
a: 
i 
N 
| 
3) 
t 


CHART NO. 2m 


LOCAL TIME (150° WMT) 


Tn ss " ee 
4 A ARARtbons ean 


baa ay 
te PT 


— ait ae 


HS 


Ut ait aa 


wane dt ODRUGUAUSROG IE 
eee | RORRRONOOGSS 
=u HHAMEHAA HHA LHAL HEGRE 


=7 


22 


Ap = 50, Kp 


Figure 15b. Major magnetic storm, second day, 28 October 1991. 
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Longer duration events that exceeded 60 minutes were seen on occasion. According 
to the previous discussion on the formation of auroral-E; a long duration event requires 
a large sheet of ionization. Figure 16 shows two examples of long duration events, one 
lasting 50 minutes and another 80 minutes. Both produced relatively consistent signal 
amplitudes of 30 dB. Also note the relative lack of activity. This example is almost 
certainly auroral-E because it occurred many hours prior to sunrise, which was about 
0930 local time, with a Kp of 3 in the postmidnight sector. 


As mentioned previously, modelers who must typify the auroral ionospheric envi- 
ronment face three types of E-region ionization. These types are the following: 


(1) Sporadic-E (E) 
(2) Auroral-E—diffuse precipitation 
(3) Auroral-E—discrete precipitation 


However, it is virtually impossible to separate the three types in an oblique sensing 
experiment such as this one. About the only way to separate the types is to use diurnal 
and seasonal characteristics to guess which type is present. Figure 17 illustrates this 
problem. It shows two long duration events that are probably typical midlatitude-type 
sporadic-E events. They occur in daylight, 4 hours after sunrise, and the Kp is 2, 
meaning the auroral zone is north of the Wales to Fairbanks path. Finally, the earth 
current sensor shows almost no activity. Other than these reasons, the data are similar 
to the even data shown in figure 16, which are “auroral-E.” 


SUMMARY 


The objective of this experiment was to sufficiently characterize auroral-E so that 
an expert system rule set could be derived for DIAS. This objective was obtained. 
From the analysis of the data the following observations were made: 


(1) Auroral-E is predominantly a nighttime phenomenon. Its occurrence centers 
around local midnight and several hours after local midnight. In the hours 
between 2200 and 0300 local time, when the K index is sufficiently high to 
place the auroral oval and the electrojet is over the transmission path, the like- 
lihood of auroral-E occurrence is 50%. 


(2) Auroral-E is a short-lived, intense phenomenon. Its onset and demise are abrupt 
in nature. Out of 1445 observations, 981 (68%) had durations equal to or less 
than 10 minutes, 234 (16%) had durations between 11 and 20 minutes, and 90 
(6%) had durations between 21 and 30 minutes. 90% of the observations 
occurred between 1 and 30 minutes. Eleven events had durations greater than 
90 minutes. One of these events occurred in the fall and the rest occurred in 
the spring; 7 events in the spring had durations longer than 120 minutes. In the 
summer months, the 2-hour-long night and the long daylight hours caused 
auroral-E and sporadic-E events to run together. 


(3) Auroral-E occurs on 75% of the days during months containing equinoxes, 
about 60% of the time during the summer, and only 36% of the time during 
the winter. 


24 


al 


. wot - Seon oar y ps tW2 ON LuWHS 


“1661 JOQUIQAON QZ ‘sIUaAe q-[eoJOMe UONeINp BUC] “OT 2N8I, 


LUAM ,0S1) SILL 1W9OT 


| _joocot 
ace 


j 


yer Zaniriawy ar os WP 
aa oa 


6 = dy ‘Zt - dy 


tee 


25 


‘766 auNE 6] ‘JUGA UONINP IseBUOT °ZT ONS 


(UNM 098) aL TYOOT 


oe a me i Le gee ees ~ ‘ Y oo oe Eras) : Tv a - 9010 TE ‘ 7 0090 aa 
SEUNG EG OG Mayle EA eae SSE SE eee 


Neti! Hl 


i i 
H i ; : t : 
oA ' ' ; 
, i.-- :! ‘ ' ‘ t 
‘ | : ' 
ee : a ' d | i 5 , : ‘ 
' ; ‘ i ‘ : ; 
' j i ae ' : 1 : ! 
eae oa B Vg sour i 4 : F ; . 
' ee ae: "Rives ii p ' ' ! , F fe 2 . 1 
i H 
4 . i Woy i Vip mm -h 3 . 
j , y % ; 
Rie pe fee dare De oof BST tf. LAG A. 4 » 4. “ dangp-4169 
: r ° ‘ , ! 
* ees eater Genie bade ne - on linet ale . : 4 
! ' ‘ . : : : 1 of 
: : , . ‘ y ‘ MEN 
: : j ; 
1 1 : 2 
; : 1 
. i ees 
. 4 - ’ 
H Fe et : 
H 


A 
were 


26 


WOb*St-tO-LWZ ON LYVHO 2eunNDS e 
sa ee zed | 


(4) The ionization patches are sufficiently dense to support oblique propagation in 
the high HF and LoVHF spectrum. Signal amplitudes were consistently between 
20 and 30 dB above the receiver detection threshold of -115 dBm. 


(5) There were no significant correlations between Kp and the duration or ampli- 
tude of the observed signals. It appears that Kp is useful only in indicating 
when the auroral oval expansion is sufficient to place the electrojet in the vicin- 
ity of the area of interest. 


(6) Since this sporadic mode is generated from a thin, irregular plasma localized in 
latitude and longitude, only single-hope propagation is likely, restricting oblique 
propagation to less than 1500 km. However, given the right orientation, the 
likelihood of reoccurrence could be predictable. 


The auroral-E measurement program will be continued for at least another year to 
observe any changes that might occur as solar minimum approaches. Objectives will be 
to more closely define the interrelationships between the auroral electrojet and the 
onset of auroral-E. 
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Loc TIME NUMBERS SAMPLE AVG DUR AVG SIG 


12 0 0.0 0.0 
13 0 0.0 0.0 
14 0 0.0 0.0 
15 259-260 3 5.5 15.0 
16 261..263 3 18.7 15.0 
17 264-266 3 3.0 13.7 
18 267-276 10 16.6 21.0 
19 277-279 3 20.7 15.7 
20 280-287 8 9.6 16.6 
21 288-309 22 7.0 18.8 
22 310-338 29 7.3 18.6 
23 339-387 48 9.4 19.8 
0 5-64 60 6.2 17.6 
1 65-110 46 8.2 20.0 
2 111-148 38 11.7 20.5 
3 149-185 37 6.8 18.4 
4 186-216 31 8.0 18.8 
5 217-232 16 6.5 21.8 
6 233-247 15 6.5 20.6 
7 248-255 8 9.1 16.4 
8 256-258 3 6.3 15.7 
9 0 0 0 
10 0 0 8) 
11 tt) 0 0 
12 0 0 0 

Kp Sample Avg Dur Avg Sig 

1 11 3.7 17.5 

2 38 7.3 18.3 

3 135 8.4 19.3 

4 75 7.9 19.1 

5 106 8.8 19.2 

6 9 18.1 17.9 

7 3 5.3 19.0 

8 6 4.8 17.2 
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Local No. of Avg Std.Dev. Avg Std.Dev. 


Time Events Dur Dur ; Amp Amp 
13 2 15 5 25 0 
14 (8) 8) ¢) 6) 0 
15 0 0 OQ 0 0 
16 6 22 22 23 7 
17 Z 108 85 30 S 
18 9 14 19 24 7 
19 14 33 46 22 9 
20 14 29 43 21 5 
21 21 8 10 23 8 
22 17 rire 9 22 6 
23 31 15 19 21 7 
00 29 21 23 23 6 
01 42 13 15 17 S 
02 39 20 25 22 6 
03 47 24 32 24 6 
04 45 22 26 26 6 
05 22 18 18 23 6 
06 30 35 36 24 6 
07 13 26 9 24 7 
08 3 17 14 27 2 
09 i?) 0 0 0 0 
10 1 10 0 20 0 
11 ie] Oo 0 0 0 
12 1 5 0) 10 8] 

388 


Dur>120 min =7 
Dur>90 min=11 
Dur>60 min=36 


May = 117 events Dur>30 min=92 
June = 117 events Dur>21 min=123 (32%) 
July = 154 events 


Median Dur= i10minutes 
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